The Tropical Andes is a diversity hotspot for plants, but there is a scant knowledge about patterns of genetic variation within its constituent species. Phaedranassa tunguraguae is an IUCN endangered plant species endemic to a single valley in the Ecuadorian Andes. We estimate the levels of genetic differentiation across the geographic distribution of P. tunguraguae using 12 microsatellite loci. We discuss factors that might influence the genetic structure of this species. Genetic distance was used to evaluate relationship among populations and geographic patterns. Bayesian methods were used to investigate population structure, migration, evidence of recent bottlenecks, and time of divergence. The 7 populations form 2 genetic clusters. These clusters show highly significant differentiation between them, along with isolation by distance. Allele richness decreases from the most diverse westernmost population to the least diverse easternmost population. The species overall shows an excess of homozygotes, with highest levels of inbreeding in the easternmost population. We found evidence of recent bottleneck events. Migration rates were in general low but were higher between populations within each of the clusters. Time of divergence between populations was related to historical volcanic activity in the area. Based on our results, we propose 2 management units for P. tunguraguae.
The Tropical Andes is one of the 25 recognized biodiversity hotspots with the highest plant diversity and extensive habitat loss (Mittermeier et al. 1998 (Mittermeier et al. , 1999 Brummitt and Lughadha 2003) . Among the Andean countries, Ecuador is one of the most diverse countries in the world; with more than 2000 endemic plant species restricted to its Andean ranges (Myers et al. 2000; Valencia et al. 2000) . Moreover, 83% of them are threatened with extinction under IUCN criteria Pitman and Jørgensen 2002) . A recent metapopulation analysis of speciation time in the Andes showed that the process in this part of the world occurred gradually since the Tertiary, with less than half of the plant species evolving during the Quaternary (Rull 2008) . Examples of recent explosive plant speciation during the late Pliocene or Pleistocene have been reported in these mountains ranges (Kay et al. 2005; Hughes and Eastwood 2006) . Recent diversification in the Andes has been explained by the environmental conditions created during the recent uplift of the Andes and climate change through the Quaternary (Richardson et al. 2001; Rieseberg and Willis 2007) .
The evolutionary process is in fact a continuum that influences genetic variation at different levels, from populations to higher taxa (Carstens et al. 2004) . Despite the recent advances in analytical and theoretical developments, the population level analysis of differentiation is still a challenge (Diniz-Filho et al. 2008) . Molecular markers are powerful tools to identify population differentiation, migration rates, and demographic patterns. At the same time, such data are important to develop conservation strategies to preserve genetic diversity, which provides species with the means to evolve and adapt in a changing environment (Geffen et al. 2006) . However, population studies at the molecular level in the Tropical Andes are scattered. For example, one of the preferred markers for population studies are nuclear DNA microsatellites (simple sequence repeats); and despite their popularity and advantages (Morgante and Olivieri 1993; Aldrich et al. 1998) , there are only 2 studies in the region for nondomesticated plant species. One addresses the microevolution of the wax palm Ceroxylon echinulatum Galeano, considered vulnerable to extinction (Trenel et al. 2008 
);
Journal of Heredity 2012: 103(4) and another on the Andean oak, Quercus humboldtii Bonpl., focused on matting patterns and their role in genetic variation (Fernandez and Sork 2005) . To fully understand the speciation pattern in an overly diverse region as the Tropical Andes and, at the same time, to develop information for conservation purposes, there is a need of population studies for species in the region.
The present investigation analyzes the population genetics of Phaedranassa tunguraguae Ravenna (Amaryllidaceae), with the aim of estimating the levels of genetic differentiation within and among populations and discussing factors that might influence the genetic structure of this endangered species. Our goal was to estimate genetic diversity and test for evidence of past bottlenecks and isolation by distance (IBD). Based on our results, we also propose conservation management units for the species. This is the first study using microsatellites to address conservation implications in an endangered plant from the Tropical Andes.
The genus Phaedranassa Herbert (Amaryllidaceae) has one of the highest proportions of endemic species of any genus in Ecuador, with 6 of 7 species known only from the country (Borchsenius 1997) . Phaedranassa are bulbous plants, with petiolate leaves and scapose pseudo-umbellate inflorescences of tubular flowers with varying patterns of red, pink, or yellow and green (Meerow 1990 ). This genus is confidently monophyletic in the tribe Eucharideae of the American Amaryllidaceae (Meerow et al. 2000; Meerow 2010) . Phaedranassa is represented by only 10 species that, with the exception of one species described from Costa Rica, are restricted to the northern Andes on open moist slopes and xeric valleys in Colombia and Ecuador. Phaedranassa tunguraguae is found only in the central-eastern Ecuadorian Andes of Tungurahua province. This species is limited to an area of approximately 20 km 2 in the Pastaza river valley, along the Baños-Puyo road and in the eastern slopes of the Tungurahua volcano above Baños, between 2100 and 1500 m (Figure 1 ). Phaedranassa tunguraguae is the only species of the genus found in the area. The few scattered populations of this species occur in one of the most deforested regions of Ecuador, where almost nothing of the native vegetation remains (Valencia et al. 1999; Oleas 2000a) . As a result, P. tunguraguae is listed as ''endangered'' under IUCN's criteria (Oleas 2000b) . In general terms, Phaedranassa species are resilient, and even pioneer, plants. Their natural environment can be any open spot, such as rocky mountain slopes or along rivers. Besides naturally open areas, they can be found along roads or around agricultural plots. Several features allow this genus to survive in low numbers: the geophytic habit, which provides the means to reproduce clonally, and self-compatibility (Oleas 2000a) . Somatic chromosome number of Phaedranassa is 2n 5 46 (Meerow 1990 ). Pollination and seed dispersal in P. tunguraguae has not been studied; however, the red tubular perianth suggests a hummingbird-pollinated syndrome. The seeds of Phaedranassa have a small wing for wind dispersal (Meerow 1990) .
In this study, we attempt to answer the following questions: 1) Is there genetic structure within and among P. tunguraguae populations? 2) Is there indication of inbreeding in P. tunguraguae populations? 3) Is the genetic differentiation a consequence of genetic drift or an outcome of low gene flow? 4) Do genetic divergences correlate with geographic distance? and 5) Is the genetic diversification of P. tunguraguae related with historical events in the region? Finally, based on the data, recommendations for conservation management are proposed. We anticipate that our results can contribute to a better understanding of the speciation process in the Tropical Andean hotspot.
Materials and Methods
Sample Collection, DNA Extraction, and Genotyping Between May and June of 2003 and December 2005, fresh leaves from 156 individuals (fast dried in silica gel) were collected across the geographical distribution of P. tunguraguae (Figure 1) , which extends through a small range of 20 km 2 . Seven apparently isolated clusters of individuals have been identified that correspond to our collecting sites: Baños, San Vicente, Runtún, Ulba, Agoyán, Río Verde, and Machay (Figure 1 ), which are identified throughout this paper as Populations 1-7. Exact Global Positioning System coordinates are not provided because P. tunguraguae is an endangered species with ornamental potential; however, vouchers are deposited in the Pontificia Universidad Católica del Ecuador and the Pichincha Herbario Nacional del Ecuador herbaria in Ecuador. Because Phaedranassa species can reproduce clonally, leaves from plants whose petiole bases were at least 1 m apart were selected to minimize the likelihood of sampling the same individual. We do not have estimates of the population size, but Population 4 is the smallest, with only 9 individuals in total. All populations are located in altered habitats: Population 1 in an open area dedicated to small-scale cattle grazing above the city of Baños; Populations 2, 3, and 5 from an area of secondary growth of native and introduced tree species; Populations 4, 6, and 7 along the Baños-Puyo road.
Genomic DNA was extracted with the FastDNA kit (Q-BIOgen) according to manufacturer's instructions. DNA quantification followed the methods of Livingstone et al. (2009) . Individuals were genotyped with 12 microsatellite primers: 8 of them reported in Oleas et al. (2005) and 4 newly designed following Oleas et al. (2005) and reported here (Supplementary Information Table 1 ). PCR conditions and amplifications procedures followed the protocols described by Oleas et al. (2005) . Forward primers were fluorescently labeled (HEX or 6-FAM). Amplicons were sized using GeneScan 500 ROX size standard (Applied Biosystems) on a 3730 Genetic Analyzer (Applied Biosystems). Allele sizes were determined using GeneMapper 4.0 (PE Applied Biosystems, Foster City, CA).
Statistical Analysis
Genotyping errors, null alleles, stuttering, and large allele dropout were tested with Micro-Checker version 2.2.3 (Van Oosterhout et al. 2004) . Samples with alleles showing 1 bp difference rather than a repeat unit variation as expected were dropped from the statistical analysis. Such departures from the mutation model are usually indels in the flanking region (Van Oosterhout et al. 2004) . Samples that failed to amplify any allele were discarded from the analysis. A total of 135 individuals out of the 156 samples initially included in the study were used in the final statistical analysis.
Two approaches were used to estimate the number of populations (k). One method follows the Dk of Evanno et al. (2005) . This calculation was based on 20 runs for k 5 2-8 performed in STRUCTURE version 2.3.3 (Pritchard et al. 2000) , using the admixture model and allele frequency correlation. Each run consisted of 100 000 generations after a burn-in of 50 000. A subsequent analysis using the most likely k was performed in STRUCTURE, with 1 000 000 generations after a burn-in of 500 000 and replicated 5 times as a consistency check. The second method of individual assignment accounts for inbreeding and was done with INSTRUCT (Gao et al. 2007 ) as implemented on the computer clusters at Cornell University's Computational Biology Service Unit (CUCBSU, http://cbsuapps.tc.cornell. edu/InStruct.aspx). We used a range of k 5 1-9, with 2 chains and a Markov chain Monte Carlo (MCMC) iteration number of 500 000 after a burn-in of 200 000 repetitions. The optimal k was estimated by the deviance information criterion. Convergence of chains was confirmed with the German-Rubin statistic computed by INSTRUCT. The results were visualized with DISTRUCT as implemented at CUCBSU.
Descriptive population genetic statistics were generated with GENALEX 6.3 (Peakall and Smouse 2006) : number of alleles per locus, number of private alleles, total heterozygosity, observed heterozygosity, fixation index, and F-statistics. Because null alleles can affect the estimate of inbreeding coefficients, we simultaneously calculated inbreeding coefficients per population with the individual inbreeding model, which includes null alleles and inbreeding in the model, with the program INEST (Chybicki and Burczyk 2009) . Global test of significance under a hypothesis of heterozygote deficit was calculated with GENEPOP 4.0.10 (Raymond and Rousset 1995) . The diversity measure of Jost (2008) D est was calculated for each locus and among populations with the program SMOGD (Crawford 2010) . D est diversity index has been reported as a more appropriate measure to estimate population differentiation than G ST (Nei 1973) or F ST (Jost 2008; Heller and Siegismund 2009) . Analysis of molecular variance (AMOVA) and pairwise F ST were calculated in ARLEQUIN 3.5 (Excoffier et al. 2005) ; significance was based on 10 000 permutations. To evaluate the contribution of the stepwise mutation model (SMM) to genetic differentiation, we used the allele size permutation test of Hardy et al. (2003) in SPAGEDI 1.2 (Hardy and Vekemans 2002) . A significantly greater value of observed R ST against permuted R ST would indicate that allele sizebased (i.e., number of repeat units) statistics are more suitable to analyze our data. We performed this test at both the population and the regional (western populations 1-5 and eastern populations 6 and 7) scales. Departures from Hardy-Weinberg equilibrium (HWE) and linkage disequilibrium (LD) were tested for each population with ARLEQUIN (Excoffier et al. 2005) . Differences in allelic richness between populations were calculated in FSTAT 2.9.3 (Goudet 1995) using the log-likelihood G with 10 000 randomizations (Goudet et al. 1996) .
Genetic relationships among the populations were analyzed with Populations 1.2.30 (Langella 1999) . Phenograms were generated using 2 different genetic distances: chord distance (Cavalli-Sforza and Edwards 1967) and Goldstein dmu2 (Goldstein et al. 1995) , both with neighbor joining (NJ). Bootstrap values across loci were based on 10 000 permutations by locus. Trees were visualized with TREE EXPLORER in MEGA 4 (Tamura et al. 2007) .
Population history was assessed with 2 approaches. We used Bottleneck 1.2.02 (Cornuet and Luikart 1996) to test for recent bottleneck events. The estimation was based on 100 000 replications, using both sign test and Wilcoxon sign-rank test. Both tests were performed under the SMM. We also used DIYABC 1.0 (Cornuet et al. 2010) to make inferences for different demographic scenarios using an Approximate Bayesian computation (ABC) (Cornuet et al. 2010) . Prior distribution of demographic parameters for effective population size was uniform (10-10 000). The loci were assumed to follow a generalized stepwise mutation model (GSM). We simulated 3 separate data sets of 2 000 000 using the above mentioned priors, with 5, 4, and 3 scenarios each (Supplementary Information Figure 1 ). The summary statistics were mean number of alleles, F ST values, and M ratio (Garza and Williamson 2001) . A polychotomous logistic regression was applied for model comparison among all scenarios as suggested by Cornuet et al. (2010) . A final simulation including the best scenarios of all 3 independent analyses was performed following the same methods mentioned above. A logit transformation was used for parameter estimation, using the scenario with the highest posterior probability from the logistic regression for each separate data set and for the combined analysis of best scenarios. We used the posterior probabilities of 500 data sets to compute type I and type II errors in the choice of each scenario as suggested by Cornuet et al. (2010) .
IBD was tested using the web service of Jensen et al. (2005) . A correlation between log(genetic Slatkin's similarity index M 5 ([1/F ST À 1]/4)) and log(geographic distance) was calculated, and the significance of the correlation was tested with a Mantel test based on 30 000 randomizations. Migration rates between all pairs of populations were estimated with Migrate 3.0.3 (Beerli 2011) . This program uses an MCMC method to calculate approximate maximum likelihood estimates of migration rates. Results are based on 3 runs of 10 short chains and 3 long chains with 100 000 and 1 000 000 trees sampled, respectively, with 10 000 trees discarded as burn-in.
Results

Scoring Errors and Null Alleles
No evidence for scoring error due to stuttering or large allele dropout was found with Micro-Checker. We estimated genotyping error by genotyping twice approximately 5% of our samples (N 5 8). Our overall error was calculated at 3%; 9 of the 12 loci showed an error of 0% and 3 loci had an error of 12-14%. However, all loci showed homozygote excess in at least one population (Supplementary Information Table 2 ), which could be an indication of null alleles or, alternatively, inbreeding and genetic drift (Freeman and Herron 2001; Cole 2003) . We ruled out null alleles because in our analysis with Micro-Checker, each locus did not consistently show homozygote excess in all populations, which we believe more likely indicates true homozygote excess. Furthermore, we found no significant changes in F ST when genotypes were corrected for null alleles using FreeNA (Chapuis and Estoup 2007) .
Genetic Composition
All 12 loci were polymorphic, with a range of 6-28 alleles per locus. However, within each population, the mean value of alleles per locus varied from 7 to 12. If only the effective number of alleles is considered, the mean drops to 3-7 alleles per population (Supplementary Information Table 2 ). For the majority of loci, Populations 1, 3, and 5 had the highest number of alleles per locus. Population 7 had the lowest number of alleles per locus. Furthermore, locus 39 was monomorphic for Population 7 only (Supplementary Information Table 2 ). The mean value of number of alleles (N a ) among populations ranged from 6.9 to 12.5 (Table 1 ). The number of private alleles per population was in a range of 1.7-0.2 (Table 1) . Population 1 had the highest allele number and highest number of private alleles (Table 1 ). All but locus 14 showed a significant departure from HWE in at least one locus per population (Supplementary Information  Table 2 ). Evidence of LD was found in 35 of the 462 pair of loci comparisons. The highest percentage of pairs of loci with significant LD was found in Population 7 (21%; Table 1 ).
Phaedranassa tunguraguae shows a significant overall F IS of 0.184 (Supplementary Information Table 3 ). The fixation index was highest in Population 7 (0.34) and lowest in Populations 3 and 4 (0.12) ( Table 1) . When the possibility of null alleles is included in the calculation, F IS dropped to an average of 0.04, but Population 7 still had the highest inbreeding coefficient (0.14) among all populations (Table 1) . On average, F ST indicates a moderate differentiation among populations (0.11), whereas the mean differentiation with D est was higher (0.31) ( Table 2) . Highest differentiation was between Populations 6 and 7 and the rest of the populations with both statistics (Table 2) . Observed overalls R ST was significantly larger than pR ST based on the allele size permutation test at both the regional scale and at the population level (P 5 0.001) but only at 2 of the 12 individual loci. AMOVA identified 9% of total genetic variation among groups (Populations 1-5 and Populations 6 and 7), 4% among populations within groups, and 87% within populations (Table 3) .
Cluster Analysis and Population Assignment
Two groups were identified based on the deltaK method of Evanno et al. (2005) . A division of the populations into 2 groups is evident, one consisting of Populations 1-5 and another of Populations 6 and 7 (Figure 2A ). Populations 1-5 are located at the westernmost part of the species distribution, at altitudes between 2100 and 1700 m. Populations 6 and 7 are located between 1600 and 1500 m and are the easternmost populations. Differences in allelic richness between populations were significant (Table 1) . Differences in allelic richness among the 2 groups were also significant (P 5 0.03), with a mean around 7 for the western group and 5 for the eastern group (Table 1) . INSTRUCT identified 7 populations ( Figure 2B ), but it was also evident that there is gene flow among Populations 1-5 ( Figure 2B ), which constitute the western localities. The NJ phenogram based on both Cavalli-Sforza and Edwards (1967) chord distance and the Goldstein et al. (1995) dmu2 distance grouped Populations 6 and 7 in a well-supported group (100% and 98% bootstrap value, respectively) and the rest of the populations in a second group in agreement with the Bayesian methods ( Figure 2C ,D).
Demographic Patterns
There was indication of significant IBD among populations (r 5 À0.75, P 5 0.009) based on the log(genetic similarity M) against log(geographic distance), with a regression slope of À1.35 (Figure 3 ) and also with D est (r 5 0.7, P 5 0.02). Migration rates between populations were in general low (Table 4) . Average migration rate among populations was 1.02 migrants per generation, with the highest value between Population 2 and Population 4 (2.11) and between Population 6 and Population 7 (2.00 and 2.10, respectively). Migration rates were lower from both Populations 6 and 7 to the rest of the populations (Table 4) . In some cases, migration rates were asymmetrical for example, almost double from Population 2 to Population 1, from Population 5 to Population 2 and from Population 1 to Population 6 and 7 than in the opposite direction (Table 4) .
There was evidence of a recent bottleneck in Populations 1 and 6 (Table 1) , with the method proposed by Cornuet and Luikart (1996) . The M ratio identified all but Populations 1 and 5 as showing evidence of bottleneck, because each of these 2 populations had a value above 0.7 (Table 1 ), number that was proposed as a threshold for bottleneck support (Garza and Williamson 2001) . According to the most likely scenarios tested (scenario 3, Figure 4 ), the ABC model suggests a bottleneck event for Populations 6 and 7 (Table 5 ). The time of divergence between populations (assuming a generation time of 3 years) was relatively recent between Populations 6 and 7 (around 120-147 years) (Table 5) . Populations 2 and 3 follow with 2000 to 1500 years of divergence, respectively (Table 5 ). The time of divergence of Populations 4, 5, and 1 was estimated around 5000 years (Table 5 ). This trend was found in all most likely scenarios for the 4 tests. Type I and Type II errors were 23% and 8%, respectively.
Discussion
Genetic Composition
Our results show that the populations of P. tunguraguae are not under HWE and exhibit an excess of homozygotes. There is a reduction in number of alleles in the eastern range of the species. For the easternmost population, there is b Significance determined by 10 000 randomizations using log-likelihood G. ***P , 0.001, **P , 0.01, and *P , 0.05. 0.14*** 0.14*** 0.17*** 0.15*** 0.17*** 0.09*** -For F ST significance determined by 10 000 permutations: ***P , 0.001, **P , 0.01, *P , 0.05, and ns 5 nonsignificant. a higher level of inbreeding, whether or not the possibility of null alleles is factored. Among populations, there is high to moderate differentiation. This divergence is especially high between any population and Populations 6 and 7 (Tables 2   and 4 and Figure 2 ). The number of pair of loci in LD was also highest for Population 7 (Table 1) . All loci showed homozygote excess in at least one population. Because the populations of P. tunguraguae appear isolated from each other, and the species is self-compatible, inbreeding and genetic drift are a more likely explanation for the high frequency of homozygotes rather than the presence of null alleles. In fact, no significant changes in F ST occurred when genotypes were corrected for null alleles (data not shown). It is expected that small populations of narrowly distributed species will be affected by genetic drift and restricted gene flow (Hedrick 2000) . In small populations, those evolutionary mechanisms will result in loss of heterozygosity and, eventually, fixation of random alleles with a resulting increase in divergence among populations due to restricted gene flow (Frankham et al. 2002) . 6 Journal of Heredity a higher level of inbreeding, whether or not the possibility of null alleles is factored. Among populations, there is high to moderate differentiation. This divergence is especially high between any population and Populations 6 and 7 (Tables 2   and 4 and Figure 2 ). The number of pair of loci in LD was also highest for Population 7 (Table 1) . All loci showed homozygote excess in at least one population. Because the populations of P. tunguraguae appear isolated from each other, and the species is self-compatible, inbreeding and genetic drift are a more likely explanation for the high frequency of homozygotes rather than the presence of null alleles. In fact, no significant changes in F ST occurred when genotypes were corrected for null alleles (data not shown). It is expected that small populations of narrowly distributed species will be affected by genetic drift and restricted gene flow (Hedrick 2000) . In small populations, those evolutionary mechanisms will result in loss of heterozygosity and, eventually, fixation of random alleles with a resulting increase in divergence among populations due to restricted gene flow (Frankham et al. 2002) . 6 Journal of Heredity a higher level of inbreeding, whether or not the possibility of null alleles is factored. Among populations, there is high to moderate differentiation. This divergence is especially high between any population and Populations 6 and 7 (Tables 2   and 4 and Figure 2 ). The number of pair of loci in LD was also highest for Population 7 (Table 1) . All loci showed homozygote excess in at least one population. Because the populations of P. tunguraguae appear isolated from each other, and the species is self-compatible, inbreeding and genetic drift are a more likely explanation for the high frequency of homozygotes rather than the presence of null alleles. In fact, no significant changes in F ST occurred when genotypes were corrected for null alleles (data not shown). It is expected that small populations of narrowly distributed species will be affected by genetic drift and restricted gene flow (Hedrick 2000) . In small populations, those evolutionary mechanisms will result in loss of heterozygosity and, eventually, fixation of random alleles with a resulting increase in divergence among populations due to restricted gene flow (Frankham et al. 2002) . We found in general low migration rates between populations of P. tunguraguae (Table 4 ). The estimate time separation between populations is relatively long for at least some of the populations (except between Populations 6 and 7) (Table 5) . Allele size permutation test revealed a significant contribution of stepwise mutations to population differentiation. A significant difference between R ST and pR ST values, as we see in this project, is expected either if populations had been separated for a long period of time and/or if migration is lower or equal as the mutation rate (Hardy et al. 2003) .
Phaedranassa tunguraguae shows moderate to high differentiation among populations (Wright 1978; Hartl and Clark 1997; Balloux and Lugon-Moulin 2002) (Table 2) . Comparing the F ST values of P. tunguraguae with the results of 2 meta-analyses of the mean estimates in other microsatellite studies with plants, they are similar to the values expected for long-lived perennial species, seed dispersed by wind, and with late successional status (Nybom 2004) . In contrast, they are lower than expected for self-pollinating plants and close to the values for plants with mixed breeding systems (Morjan and Rieseberg 2004; Nybom 2004) , which is likely the Phaedranassa breeding system. D est was higher than F ST for each locus and among populations (Table 2) , which is consistent with reports that F ST may underestimate differentiation (Jost 2008; Heller and Siegismund 2009 ). In the AMOVA, 87% of the genetic variation is found within populations (Table 3) .
Small populations can also be exposed to isolation and fragmentation. Under isolation, relatedness of individuals will decrease with distance (Hardy and Vekemans 1999) . Furthermore, fragmentation could increase the likelihood of extinction in endemic plants, causing genetic erosion due to founder effects, and as a result, genetic drift, and inbreeding (Ellstrand and Elam 1993; Tomimatsu and Ohara 2003) . Genetic erosion, together with demographic and environmental stochasticity, is likely to increase the possibility of local extinction in small populations (Menges 1991; Hanski and Gilpin 1997; Keller and Waller 2002; Matthies et al. 2004 ).
Cluster Analysis and Population Assignment
Two main subgroups were identified with both cluster and Bayesian analysis. One consists of Populations 1-5, which are located at the western part of the species range. Another group is formed by Populations 6 and 7, located to the east (Figures 1 and 2a) . Population 1, which in general has the highest number of alleles per locus and the highest number of unique alleles, is located at the westernmost edge of the species distribution. The other extreme is combined Populations 6 and 7, which have the lowest number of alleles per locus and the lowest number of private alleles.
Demographic Patterns
We tested for recent bottlenecks in P. tunguraguae because of the patchiness of its population distribution. The discontinuity between populations may have been the result of either habitat loss or a recent colonization. It is expected that reduction of allele diversity occurs more quickly than heterozygosity loss during population contraction (Nei et al. 1975; Cornuet and Luikart 1996; Luikart et al. 1998 ). Evidence of recent bottleneck was found in Populations 1 and 6 (Table 1) . We would expect evidence of bottlenecks in Populations 6 and 7 because these populations are located in the rocky slides along the old Baños-Puyo road. Population 7 also has the lowest allele number and the highest differentiation coefficients with all of the other populations. The estimation of bottleneck based on the M ratio (Garza and Williamson 2001) fit more with our Figure 4 . Test of the more likely scenarios with ABC approach for 7 populations of Phaedranassa tunguraguae. Scenario 3 shows the highest posterior probability of the competing scenarios based on polychotomous logistic regression. N 5 effective population size, t 5 time of divergence in generations, and 4Nxl 5 migration rate.
expectations because it showed evidence of bottleneck for all populations except Populations 1 and 5. The M ratio method allows identification of evidence for both recent bottleneck events and for populations that have been small for a long period of time (Garza and Williamson 2001) . Some issues that might affect the test for recent bottleneck under the Cornuet and Luikart (1996) approach are sample size, LD, and migration among populations. In the case of Populations 3 and 4, the low sample size (n 5 6 and n 5 9, respectively) compromises the accuracy of the bottleneck tests. One of the assumptions of the recent bottleneck model is independence among pairs of loci (Luikart et al. 1998) , and 21% of the loci in Population 7 show significant LD. Most importantly, the model assumes no immigration (Luikart et al. 1998) , and our study estimates one of the highest migration rates between Populations 6 and 7. Migration can lead to misleading results from bottleneck tests, especially if the immigration is from divergent populations (Luikart et al. 1998) ; in this case, both methods will fail to present evidence of bottleneck. Demographic estimation shows a population effective number (N e ) between 9564 and 1790 individuals, with the eastern population having the lowest N e size (Table 5) . There is no direct assessment of the number of individuals per population; however, based on our observations in the field, the eastern populations appeared smaller. However, we did not see such a large number of individuals in our collecting sites.
We found a significant negative correlation among log(genetic similarity M) and log(geographic distance), with the regression slope close to À1.0, which is consistent with a 1D stepping stone population model (Stalkin 1993 ) that fits the distribution of P. tunguraguae along a narrow altitudinal strip in the Pastaza river canyon. The wax palm C. echinulatum showed IBD only when the Andean barrier was taken into consideration (Trenel et al. 2008) . Within the Amaryllidaceae, Hymenocallis coronaria showed IBD but not in concordance with the 1D stepping stone model (Marwith and Scanlon 2007) . Iris hexagona (Iridaceae) also showed IBD, but this correlation was lost when the analysis was performed at a more local scale (Meerow et al. 2007 ). The IBD pattern found in our study is congruent with the results of the coalescence method of the ABC analysis. Taking in consideration both approaches, the genetic differences among populations can be explained as the result of colonization events at different times. Three main colonization events could be inferred: one relatively recent (Populations 7 and 6), one that may follow an important volcanic event (Populations 2 and 4), and populations that might be the original source of the group (Populations 1, 3, and 5). The expansion of P. tunguraguae follows the altitudinal gradient along the Pastaza river canyon from higher to lower altitudes. Easternmost populations (6 and 7) are more recent.
IBD might also suggest that the genetic structure found in P. tunguraguae populations is in part the result of low gene flow. Migration rates were low in general but lowest between the western cluster (Populations 1-5) and the easternmost Populations 6 and 7. Migration rates were in the range expected for species with mixed mating systems, with selfing and clonal reproduction (Morjan and Rieseberg 2004) . Low migration between the 2 regional population clusters (Figure 2 ) contributes to the maintenance of genetic structure among populations of P. tunguraguae (Table 4) . Unequal migration rates between populations indicate an eastward bias in dispersal patterns (Table 4) . Both IBD and the low migration rates between the 2 subgroups can explain the population genetic structure of P. tunguraguae. Furthermore, the low levels of migration among subgroups (less than one individual per generation, Table 4 ) are lower than the number of migrants required to maintain cohesion among species (Wright 1931) . We need to interpret migration rates with caution because the coancestry model of migration rate estimation assumes populations in equilibrium (Beerli and Felsenstein 1999) , which might not be the case in our study. However, evidence corroborating this pattern includes the lower genetic diversity of easternmost Population 7, its higher rate of inbreeding, and greater degree of LD.
How Recent Is Population Differentiation in P. tunguraguae?
There are several factors that could explain the patterns of genetic variation identified in this study: migration and extinction during climate change in the Pleistocene, extinction, and colonization of areas affected by volcanism, stochastic changes in the landscape due to landslides, and/ or recent human degradation of the habitat. Species radiation in the northern Andes has been correlated with recent climate changes during the Pleistocene and Quaternary, which was characterized by sequences of alternating glacial and interglacial episodes with wet and dry events (Van der Hammen 1989 , 1995 Luteyn 2002; Berry et al. 2004) . During wet periods, forest expansion occurred, whereas during dry periods, the forest contracted (Bush 2002) . Those changes had varying effects on different species (Bush and Colinvaux 1988) , and as a consequence, some have repeatedly migrated to different elevations in the Andes ( Van der Hammen and Gonzalez 1960; Hansen et al. 1994; Bush 2002) . Our ABC results suggest that the differentiation between populations was not older than 6000 years and as recent as 120 years ago (Table 5 ). Based on these results, we do not have evidence to corroborate the hypothesis of migration as a consequence of climate change during the Pleistocene because the latest maximum glaciation is estimated at least 14 000 years before the present (BP) (Seltzer et al. 2002) . However, it is unlikely that landslides might explain the genetic pattern in P. tunguraguae because no major landslides have been noted in the valleys of the Pastaza river through the analysis of air photos and satellite images (Bernal et al. 2011) . Instead, our ABC results suggest that the differentiation between P. tunguraguae populations was a combination of events throughout recent time periods.
Our data support the hypothesis that past and actual volcanism in the area likely shape the current demographics of P. tunguraguae. The local geography of the area where P. tunguraguae evolved is labile because Tungurahua is one of the most active volcanoes in Ecuador (Hall et al. 1999) . The development of the volcano has been divided in 3 periods, before 14 000 years BP (Tungurahua I), between 14 000 and 3000 years BP (Tungurahua II), and after 3000 years BP to date (Tungurahua III) (Hall et al. 1999) . Both Tungurahua I and Tungurahua II collapsed because of eruptions (Hall et al. 1999) . The eruptive activity of the present volcano (Tungurahua III) began around 2300 to 1400 years BP (Hall et al. 1999) . During the last 1300 years, eruptions reportedly took place at least once per century (Hall et al. 1999; Le Pennec et al. 2008) . Recent records of lava and pyroclastic flows are known particularly in 1773 , 1886 , 1916 , and 1918 eruptions (Le Pennec et al. 2008 ). In the 1773 eruption, there was a large lava flow on the northwestern flank of the volcano that dammed the Pastaza River for several days (Hall et al. 1999) .
Our most recent differentiation time (Populations 6 and 7) was estimated between 120 and 150 years ago, which is after the eruption of 1773. Another large avalanche with an estimated deposit volume of 8 km 3 was reported to occur 2955 ± 90 years BP (Hall et al. 1999; Le Pennec et al. 2008 ). This avalanche flowed through the Rio Patate and Rio Chambo valleys, which limit the western geographical distribution of P. tunguraguae (Figure 1 ). During this eruptive activity, the Tunguraguae II volcano was partially destroyed (Hall et al. 1999; Le Pennec et al. 2008) . Time of divergence for Populations 2 and 4 is estimated after the 3000 years BP avalanche event. Our data suggest that the founding populations of P. tunguraguae originated around 6000 years ago in the areas now occupied by Populations 1, 3, and 5 (Table 5) .
The last eruptive period of Tungurahua has been ongoing since 1999, with episodes of activity in 2004 (Ruiz et al. 2006 (Sheridan et al. 2007 , and late 2007 to early 2008 (Le Pennec et al. 2008) . Tungurahua was especially active in 2006 with more than 20 pyroclastic flows on ravine cuts in the north and western part of the volcano (Sheridan et al. 2007 ). However, we have not witnessed any population extinction caused by recent eruptions.
The Andean mountains have a heterogeneous topography, with sheltered valleys, katabatic winds (from higher to lower elevations), and swiftly flowing streams, which make them very complex geographically (Bush 2002) . In this intricate environment, individuals might survive in microhabitats while larger populations disappear (Bush 2002) . Based on migration rates (Table 4) , P. tunguraguae has migrated from its westernmost limits to the east, perhaps in response to local climate. The genetic isolation of populations could be the product of extinctions in unsuitable habitat, survival of a few individuals in microhabitats, and subsequent increase in the size of these reduced populations. This could better explain the high levels of inbreeding within populations, the moderate to high differentiation between populations, and the evidence of frequent bottlenecks suggested by our data.
Finally, human alteration of the habitat might have influenced the current distribution of P. tunguraguae in 2 different ways. As a pioneer species, an increase in open areas could favor its expansion. However, development and road construction could reduce or extirpate populations in some areas due to drastic alterations in habitat. The Baños-Puyo road was first completed in 1947 (Brown et al. 1994) , and an expansion was recently finished in 2007. No indication of population extinction due to the extension of the road was found in this study. Scattered records of individuals of P. tunguraguae collected along the Baños-Puyo area are dated as early as 1857 (Spruce s.n., at K). One of the reasons that might explain the lack of evidence of population extinction is that the majority of the historical records just mention the road as point of reference without precise coordinates. Furthermore, the populations collected for this study were identified in 1997, when expansion activities in the road were already in progress (Oleas 2000a) . Ironically, Population 7 in Machay is located in what it is now the old road; a tunnel was constructed for the new road in the area that probably saved this population from extirpation.
Concluding Remarks and Implications for Conservation
This study provides valuable information for planning conservation strategies for P. tunguraguae. Phaedranassa tunguraguae is a partially selfing, geographically restricted, and long-lived geophytic plant. Indeed, self-pollination and asexual reproduction have been recognized as beneficial under some circumstances, such as in populations with low densities, in the absence of pollinators, or where crosspollination is unlikely (Karron 1991; Jarne and Charlesworth 1993; Charlesworth 2003) . Despite the fact that a reduction of intragenetic variation in populations of self-compatible and pioneer species would not necessarily lead to extinction in the short term, the reduction of genetic diversity could influence the ability of the population to survive a changing environment and to colonize new areas (Geffen et al. 2006) .
Genetic diversity is needed for populations to evolve in a changing environment (Frankham et al. 2002; Geffen et al. 2006) . The warning signals of genetic erosion in small populations are a reduction in population size, increased isolation, and reduced fitness (Ellstrand and Elam 1993) . The low genetic diversity and higher levels of inbreeding found in the easternmost populations of P. tunguraguae point out the necessity for monitoring them, with an aim to identify trends in reduction of the number of individuals and increased isolation between populations. The genetic diversity was not equally distributed among populations. Evidence of genetic reduction was more acute at the 2 easternmost populations located in Rio Verde and Machay. It is especially important to monitor these populations. Appropriate management units are populations with significant divergence of allele frequencies (Moritz 1994) . Based on our analyses of P. tunguraguae populations, we propose 2 management areas: one comprising the westernmost populations (1-5) and the other the 2 easternmost populations (6 and 7). Furthermore, among all populations, Population 1 (Baños) is the population with the highest level of genetic diversity. Population 1 should therefore be the population of choice if a program of population expansion is put in place. However, Tungurahua's current volcanism threatens this population and the others that inhabit the volcano slope (Populations 1-4) .
There is a need of future research about the relationship between genetic diversity and population size for P. tunguraguae. A positive association is expected among population size and genetic variation (Leimu et al. 2006) . Our investigation did not provide quantitative data regarding the populations' size, but based on our observations, Populations 1 and 5 might be the largest population in both area and number of individuals. That might explain its higher diversity compared with all other populations. The demographic calculations of population size should be corroborated with an extensive survey in the field to calculate the number of individuals per population.
Genetics only addresses part of the issues related to protecting the species. None of the populations of P. tunguraguae are located in a protected area. Their conservation will be directly influenced by the value the local people give to the species. Phaedranassa tunguraguae is endemic to the Pastaza valley, an area that has benefited from ecotourism, especially in Baños, the economy of which relies almost entirely on the tourism industry (Lane et al. 2003 ). Therefore, it should be of interest for the local government, environmental nongovernmental organizations, and tourism operators to preserve the biodiversity of the region. It is necessary to identify the owners of the land harboring the 7 populations in order to educate them to the importance of the species and its endangered status.
Comparing our results with the other 2 studies using microsatellites to explore population genetics of an Andean plant, we found some similarities and differences. Unlike our findings, Q. humboldtii showed low inbreeding and low genetic differentiation among populations and no IBD, which is consistent with a mostly outbreeding tree (Fernandez and Sork 2005) . Similar to our study, the palm C. echinulatum (Trenel et al. 2008) showed high levels of differentiation among populations as well as significant IBD. As opposed to our findings, C. echinulatum showed a westward dispersion across the Andes, presumably in the Quaternary. This result is not at all surprising taking in consideration that C. echinulatum has a much wider distribution than P. tunguraguae. Nonetheless, based on this study and ours, similar patterns of genetic variation appear characteristic of the Tropical Andean hotspot at both the macro-and microgeographic scale.
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